Both genomics and environmental stressors play a significant role in increases in blood pressure (BP). In an attempt to further explain the hypertension (HTN) disparity among African Americans (AA), both genetic underpinnings (selected candidate genes) and stress due to perceived racial discrimination (as reported in the literature) have independently been linked to increased BP among AAs. Although Gene x Environment interactions on BP have been examined, the environmental component of these investigations has focused more on lifestyle behaviors such as smoking, diet, and physical activity, and less on psychosocial stressors such as perceived discrimination.
Introduction
Hypertension (HTN) is a common disease, affecting over 78 million adults in the US every year. [1] African Americans (AA) are disproportionately affected by this disease, with an earlier age of onset as well as higher rates of complications than other racial/ ethnic groups. [2] The etiology of HTN is complex and multifactorial. Studies have identified social, biological, environmental, and genetic risk factors for HTN, [3] but few studies have considered the ways in which these risk factors interact or work together in elevating risk among AA. Social factors such as perceived discrimination related to skin color have been associated with high blood pressure (HBP) in diverse populations, especially in low-income groups. [4, 5] Further, although selfreported race has been associated with poor mental and physical health outcomes in AA, [3] little is known about the degree to which genetic risk for elevated BP and HTN is shaped by environmental factors, including psychosocial stressors such as the experience of unfair treatment-environment interaction that may exacerbate poor outcomes.
Discrimination is a complex and multidimensional psychosocial stressor. Previous studies have defined the experience of discrimination as the perception or view that one has been treated unfairly. Self-report is the most common way of measuring perceptions of discrimination in survey research. [6] Two of the more widely used measures of perceived discrimination are Everyday Discrimination (ED) and Major Life Discrimination (MLD). [7, 8] MLD refers to the experience of unfair treatment (during one's lifetime) that might block or forestall social mobility, [8, 9] such as unfair treatment by the police or in the housing market. ED refers to "daily hassles" that are experienced in "everyday situations," such as the frequency of being made to feel uncomfortable for unfair or unjust reasons, like being treated with less courtesy in public places than others.
According to the National Survey of American Life (NSAL), 51% of AA have experienced at least some type of ED at least a few times per month and 59% have experienced a least 1 type of MLD at some point in their lifetime. [10] Studies also show a link between various measures of discrimination and HTN and related cardiovascular diseases (CVD). [11] [12] [13] [14] These studies suggest that chronic experiences with discrimination are more consistently linked to BP and HTN than are subtle or acute experiences. [15] Although the relationship between genetic polymorphisms and biological factors such as drug metabolism, body mass index (BMI), or cardiac structure and function have been established, how the interaction between genetics and stressors, such as perceived discrimination, must continue to be examined. There is evidence of interactions between perceived discrimination and genetic risk on developing HBP. [13] In a sample of AA women in the Midwest (N = 137), 1 SNP (rs10177833) on the SLC4A5 gene was found to have a significant association with skin color on systolic BP (SBP). [16] This finding was replicated in a sample of 3 generations of West African women (N = 199), where the rs8179526 SNP on the SLC4A5 gene was associated with SBP. [17] In this study, we use a targeted candidate gene approach to examine the interaction between genetic polymorphisms, and perceived racial discrimination on BP among AA. Specific candidate genes were selected based on those that have been significantly associated with HBP previously in the literature as noted previously. The genes and SNPs proposed for investigation in the present study are those positional candidate genes that have been found most consistently to be statistically significantly associated with HBP in previous studies among AAs. A complete list of the genes and SNPs can be found in Table 1 , and complete full description of functionality and differences in allele frequency by ancestry can be found in Taylor et al, 2016 . [18] The purpose of the study was to examine the main effects of gene (SNP) and discrimination on SBP and diastolic BP (DBP), as well as gene (G) and discrimination (D) interaction effects (G Â D) on SBP and DBP. This study extends the science from examining only individual main effects of perceived discrimination or genetic underpinnings on BP. Because it has been well established that genomics and perceived discrimination alone may contribute significantly to increases in BP among AAs, this study integrates both genomic and perceived discrimination interaction effects to advance the science Table 1 Allele frequencies of relevant SNPs from The 1000 Genomes Project [19] . to better understand the combinatorial effects of these factors on BP. If we can better understand the multiple factors and interactive effects that contribute to AAs having the highest incidence and prevalence of HTN in the US, we will be better equipped to develop more precise individualized interventions to reduce this health disparity.
Methods

Study group
The Jackson Heart Study (JHS) enrolled 5301 AA living in the metropolitan Jackson, MI area between 2000 and 2004. For this study, we included only those who had both genotypic and phenotypic data available for analyses (N = 2937), of which 5 participants were missing SBP and DBP readings, so N = 2932 was the final sample size in this report. Adult men and women were recruited in 4 main ways: random community sampling, volunteer, family member participants, and through the Atherosclerosis Risk in Communities Study (ARIC). Participants ranged in age from 21 to 85 years and self-identified as AA. The overall purpose of the study was to examine genetic, environmental, and social factors contributing to CVD development in AA. Detailed study design and methods are discussed elsewhere. [20] [21] [22] [23] The University of Mississippi Medical Center Institutional Review Board provided ethical approval for the JHS. The Jackson Heart Study Publications and Presentations Committee provided approval for this secondary analysis study as presented here.
Measures
Height, weight, and body mass index
Height was measured by stadiometer and weight by electronic balance. BMI was calculated using weight in kilograms divided by height in meters squared. BMI over 25 is defined as overweight, and BMI greater than 30 is defined as obese. BMI has been shown to be a valid predictor of adiposity calculated for weight and height. [24] 3.2. Blood pressure readings BP measurements were taken with random-zero sphygmomanometers and cuffs appropriate for arm size. Three readings were measured in the right arm after the participant rested in the sitting position for at least 5 minutes according to The Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC-7) guidelines. [25] SBP and DBP were determined by the first and fifth phase Korotkoff sounds, respectively, with the last 2 BP readings averaged for the analyses. The diagnosis of HTN was established based on average BP levels measured at the study visit (>140/90 mm Hg) or a prior diagnosis of HTN and current treatment with antihypertensive medications. Briefly, during each visit, JHS participants presented the medications they had taken over the 2 weeks prior to the examination. These included both prescribed and over-the-counter medications as well as herbal preparations. For those who did not bring medications to the examination, medication lists for the participant were obtained by a telephone call to the participants following the visit or by phone call to the consenting participant's pharmacy. [26] 
Perceived discrimination
We measured personal experiences with discrimination using the Discrimination Instrument (DISA), a multidimensional instrument that has also been used in the NSAL. [27] The instrument measures the occurrence, frequency, attribution, and responses to discrimination, and has 2 subscales for everyday and MLD. We followed previous research in operationalizing ED and MLD. [27] Questions and responses for Everyday (ED) and MLD are presented in Table 2 . ED was assessed via 9 questions about Table 2 Creation of summary variables for discrimination, Jackson Heart Study Discrimination Instrument (DISA). "Now let's talk about things that may have happened over your lifetime because of such issues as your race, ethnicity, gender, age, religion, physical appearance, sexual orientation, or other characteristics. Have you ever felt that you've received . . . " 4a. Unfair treatment at school or during training (ie, discouraged by a teacher or advisor from seeking higher education, were denied a scholarship, etc)? 5a. Unfair treatment getting a job (ie, not hired or told you could not apply)? 6a. Unfair treatment at work (ie, not promoted, overworked/hassled, fired, or unable to get health insurance)? 7a. Unfair treatment in housing or finding a place to live (ie, prevented from renting/buying a home in the neighborhood you wanted or prevented from remaining in a neighborhood because neighbors made life so uncomfortable)? 8a. Unfair treatment getting resources or money (ie, denied a bank loan, credit card or some other form of credit)? 9a. Unfair treatment in medical care (ie, denied or provided inferior medical care, made to wait long period of time before getting care, or could not get care from a medical specialist such as a heart doctor)? 10a. Unfair treatment on the street or in a public place (ie, hassled by police, were the target of public ridicule)? 11a. Unfair treatment in getting services (ie, denied or provided inferior service by a plumber, in a restaurant, the grocery store, or by some other service provider)? DISA = Jackson Heart Study Discrimination Instrument, ED = Everyday Discrimination, MLD = Major Life Discrimination. day-to-day exposures to discrimination, with responses ranging from 0 to 6, with higher values corresponding with a greater frequency of exposure (ie, 0 = never, 1 = less than a few times a year, 2 = a few times a year, 3 = a few times a month, 4 = at least once a week, 5 = almost every day, 6 = several times a day). The mean of these responses was used to create a summary scale for ED. The second scale, MLD, was created using the mean of 8 questions regarding unfair treatment due to a variety of physical or cultural characteristics, without attribution. These questions had yes (1) or no (0) coded responses. The overall instrument, as well as ED and MLD subscales demonstrate good reliability (Cronbach alpha = .78, .84, and .77, respectively). In addition to ED and MLD, we further examined participants' experiences of discrimination related specifically to race: EDAR (Experiences of Discrimination Attributed to Race) and CMLDAR (Chronic Major Life Discrimination Attributed to Race). As respondents were asked to attribute their ED to several factors, we examined the ED summary scale, and then, created EDAR to represent those experiences that were attributed to race, versus those that were attributed to age, gender, weight, or some other reason. The EDAR is the mean of 9 questions (1a-1i) on the ED instrument, for those who indicated "race" as the primary reason for discrimination. Similarly, CMLDAR was created to represent chronic experiences of MLD that were related to race. Participants who indicated a higher frequency of discriminatory experiences (several times a year to a few times a month) were categorized as "chronic-CMLD," compared with those who reported a frequency of a few times a year or less. Among participants who had chronically experienced discrimination, we further categorized those who indicated that their experiences were related to race (and not age, gender, or another factor) as CMLDAR. CMLDAR is the mean of 4b to 11b for those who indicated "race" on 13a. Further details on scoring assessment of EDAR and CMLDAR can be found in Sims et al. [27] 
Genotyping
Quality control of genotyped data (SNPs) was performed using the BROAD genetic analysis platform (GAP) that consists of PLINK [28] and Birdseed v1.33 [29] software. Samples with genotyping success rate <95%, monomorphic SNPs, 1176 SNPs that mapped to several loci in the human genome, and SNPs with minor allele frequency (MAF) <1% were removed for quality control. We also removed samples with very low heterozygosity suggesting poor DNA quality and samples with very high heterozygosity suggesting sample contamination. In addition, we removed all pairs that shared ≥5% of their genome, as well as samples that did not cluster well when subjected to multidimensional scaling (MDS) or genome-wide "neighbor" analysis in PLINK. For the family-based subcohort of the JHS, early analytical assessment by CARE investigators found little effect on inflation factor due to familial correlation. Further, we removed SNPs for which genotype missingness could not be predicted by surrounding haplotypes. Mendelian inconsistence was checked for family data using PLINK and the corresponding SNPs were removed. No SNPs were removed due to significant deviation from Hardy-Weinberg equilibrium (HWE) because the AA population is an admixed population, which may result in departure from HWE.
Genotype imputation performed in CARe has been detailed elsewhere. Briefly, in CARe, imputation was performed using the MACH [30] program with HapMap phase 2 (build 36 release 22) as input. As the AA population is admixed with the proportion of European ancestry (EA) estimated to be ∼17% to 19%, [31, 32] an artificial reference panel consisting of equal proportions of the YRI and CEU HapMap phased haplotypes (using only SNPs found in both YRI and CEU panels, ie, ∼2.2 M SNPs) was constructed. Hao et al suggested that the accuracy of using the mixed panel for AAs is comparable to the accuracy reported when imputing a population of Nigerians using YRI as a reference panel. [33] 3.5. Statistical methods Data management, descriptive statistics for the covariates and outcome variables, and the regression analyses were conducted using the statistics software program R, version 3.2.3 (http:// www.r-project.org/). Known predictors of BP, such as age, sex, BMI, antihypertensive use, and smoking status, were assessed in a multiple linear regression model including all predictors. We used similar models to assess associations between each perceived discrimination (including ED and MLD), top 10 principal components (PCs), and outcome variables (ie, SBP and DBP) adjusted for age, sex, BMI, antihypertensive use, and current smoking status. We used the same models to test for the association between each SNP and the BP phenotypes (ie, SBP and DBP). We tested each SNP for additive main effects on BP in a test with 1 degree of freedom. We also tested the SNP Â perceived discrimination (ie, ED and MLD) interaction effects of SBP and DBP using linear mixed models with age, sex, BMI, antihypertensive medication use, and top 10 PCs of the Genome-Wide Association Study (GWAS) data as covariates. Data management, descriptive statistics for the covariates and outcome variables, and the regression analyses were conducted using the statistics software package R in version 3.2.3. [34] To study Gene Â Discrimination (G Â D) interactions on BP where D represents the perceived discrimination, we applied the following linear regression model.
where Y i is the BP outcome (ie, SBP and DBP) for person i; Z i is a vector of adjustment variables including age, sex, BMI, antihypertensive medication use, current smoker, and the first 10 PCs of the common genome-wide SNPs; D i is the measure of perceived discrimination of person i; and SNP i is the additive genetic effect of any given SNP. b 4 represents the effect of SNP Â D interaction. In this study, we examined 18 SNPs from 10 candidate genes (Tables 1 and 3 ) on SBP and DBP in 2932 JHS AA participants. We also investigated the SNP Â D interaction effects on SBP and DBP for women and men separately using the same statistical model without sex as a covariate.
Results
In Table 3 , we present descriptive statistics for the 2937 JHS participants with both phenotypic and genetic data. Five participants were missing SBP and DBP data, resulting in 2932 participants for examination. The sample had a mean age of 55 years, and the majority of participants was female, obese, nonsmokers, had HTN, and was on antihypertension medication. Mean SBP and DBP were 126.8 and 79.1 mm Hg, respectively. Overall, reports of discrimination reported among participants were low. The mean ED was 1.08 (range 0-6), mean EDAR was 0.63 (range 0-6), mean MLD was 0.36 (range 0-1).
To assess the associations between SBP/DBP and known predictors, we conducted further multiple linear regression analyses. We confirmed that older age, male sex, and antihypertensive medication use were significantly associated with both SBP and DBP (Table 4) . BMI and smoking status were significantly associated with SBP, but not DBP. These 5 variables were consistently used as covariates in the association analyses of discrimination measures and genetic factors described later. The association analyses of the 4 discrimination measures with SBP and DBP adjusted for age, sex, BMI, antihypertensive use, and current smoking status are presented in Table 5 . ED, MLD, EDAR, and CMLDAR were examined in univariate analyses, and only ED and MLD were suggestively associated with SBP and DBP; thus they were the only 2 variables included in interaction models. Neither ED nor MLD was independently associated with SBP or DBP after adjustment for covariates. Additionally, the top PCs of GWAS data were tested for association with SBP and DBP (Table 5) . At alpha level of 0.05, only PC1 and PC9 were associated with DBP after adjustment of covariates.
We obtained imputed dosage data of 20 SNPs based on previously reported candidate genes and SNPs (supplementary tables, sex stratified, http://links.lww.com/MD/B912). All SNPs were coded as additive genetic effects. After filtering SNPs with poor imputed quality (ie, r 2 <0.8), we tested G Â D interaction of 18 SNPs, adjusted for age, sex, BMI, antihypertensive medication use, current smoking status, top 10 PCs of GWAS data, and main effects of each SNP and discrimination measure. The test statistics including beta coefficient (E), standard error (SE), and P values (P) of each pair of G Â D are summarized in Table 6 . For SBP (Table 6A) , 5 G Â MLD interaction terms were associated with SBP (rs7602215, rs3771724, rs1006502, rs1791926, and rs2258119) at alpha level of 0.05. However, none of G Â ED interaction terms were associated with SBP. For DBP, 3 SNPs (rs2034454, rs7602215 and rs3771724) had consistently Table 3 Descriptive statistics of the JHS sample with both phenotypic and genotypic data. Total sample size of participants with both genomic and phenotypic data N = 2937. 
Table 4
The summary of multiple regression analysis of systolic (SBP) and diastolic (DBP) blood pressure. The full model is SBP or DBP ∼ age + male gender + BMI + antihypertensive use + current smoker. BMI = body mass index, DBP = diastolic blood pressure, SBP = systolic blood pressure, SE = standard error.
Table 5
The associations of covariates and systolic and diastolic blood pressure. Taylor et al. Medicine (2017) 96:43 www.md-journal.com significant interaction effects of both ED and MLD at alpha level of 0.05. Notably, rs3771724 and rs1006502 had significant G Â MLD interaction associated with both SBP and DBP (Table 6A and B). Supplementary tables are provided for sex-stratified G Â D results, http://links.lww.com/MD/B912. Interestingly, the significant G Â D identified in the pooled analyses were only observed in women, not men. In a few cases, the effects were even more significant in women with a smaller sample size (see supplementary tables, http://links.lww.com/MD/B912). After adjusting with Bonferroni methods at a significance threshold of 0.05, (0.05/18 SNPs = 0.0028), we did not identify any significant interaction effects. The marginally significant interactions account for 0.17% to 0.26% of total variation in BPs. A supplementary table has been added that includes partial R2 (percent of variance) of all tested SNPs with BP phenotypes, http://links.lww.com/MD/B912.
Discussion
This study addressed the paucity of research examining the Gene Â Discrimination interaction on BP in an AA population using data from the JHS. We identified a number of SNPs prime for further exploration in SNP-discrimination interactions on BP among AA. Our most robust finding included 2 SNPs (rs3771724 and rs1006502) that showed interaction with MLD on both SBP and DBP, and ED on DBP in this sample of AAs. Interestingly, the rs3771724 and rs1006502 loci are linked (r 2 = 1) [35] and located in the intronic region of the SLC4A5 (NBCe2) gene, previously shown to be associated with BP. [16, [35] [36] [37] [38] [39] SLC4A5 is an electrogenic sodium-bicarbonate cotransporter in the kidney and liver. A mouse model lacking homolog Slc4a5 displays a hypertensive phenotype, [40] which may be a result of sodium-induced hyperaldosteronism via increased activity of the Table 6 Association of SNP Â Discrimination (G Â D) interaction with systolic (SBP) (A) and diastolic (DBP) (B) blood pressure. epithelial sodium channel in renal principal cells, though this has yet to be confirmed in human subjects. [41] High salt concentrations in cultured human renal cortical tissue showed increased SLC4A5 expression compared with low salt conditions in vitro. [42] Several studies have similarly reported associations between the SLC4A5 gene and HBP among AA and European American (EA) adults. In one study, adults from the University of Virginia and HyperPath cohorts, polymorphisms in the SLC4A5 gene were associated with induction of salt-sensitive HTN among adults of EA ancestry. [43] AA typically have higher rates of salt sensitivity than EA, and rates of salt-sensitivity among hypertensive AA men and women have been reported at 73%, with normotensive AA men and women ranging 36% to 79%, and normotensive AA women ranging from 43% to 64%. [44] Genetic polymorphisms, such as SNPs, in the SLC4A5 gene have also been implicated in BP-related traits, such as resting pulse pressure, submaximal exercise pulse pressure, submaximal SBP, and submaximal rate pressure in EA. [35] One other study reported an association between the rs1006502 (hcv8941031) locus of the SLC4A5 gene and HTN in AA [39] and with BP in EA. [37] The TT allele, which was the minor allele among their Utah-based population of EA, had a slight increase in plasma CO 2 levels compared with participants with a CT or CC genotype. [37] Among AAs, the CC genotype is the minor allele, suggesting this population may have increased risk for elevated plasma CO 2 levels ( Table 6 ). The rs3771724 locus has been associated with submaximal exercise oxygen consumption (VO 2 50) and submaximal exercise carbon dioxide expiration (VCO 2 50) in subjects of EA. [35] To our knowledge, no mechanism of action for the genotype at the rs1006502 or the rs3771724 locus on the SLC4A5 gene product has been elucidated.
Strengths
Our data add to the evidence supporting an association between SNPs in the SLC4A5 gene, and increase in BP is on which a number of sample populations of AA are reporting similar results, thus showing the replicability of the SLC4A5 gene across various samples. [16, 36, 39] Additional studies point toward chromosome 2, where SLC4A5 is located, for regions associated with modulating BP. [45, 46] Populations of EA with the rs1006502 SNP have been shown to be associated with increase in BP [37] : VO 2 50 and VCO 2 50. [35] As Hunt and colleagues were only using Utah residents of EA, [37] and research results published by Stutz and colleagues reported too few AA participants to be included in their analyses, [35] further research into how SLC4A5 polymorphisms affect AAs, a group with disproportionately high rates of HTN, is needed. Our data show a G Â E relationship between SLC4A5 polymorphisms and racial discrimination in populations of AAs. Thus, further research into the potential mechanism of action by which the SLC4A5 gene, particularly the 2 SNPs rs1006502 and rs3771724, might have a SNP-discrimination interaction resulting in increases in BP and further explaining the health disparity between EA and AA population groups is needed.
This study supports the idea that SNP-discrimination interactions combine to influence clinically relevant traits such as BP. As AAs in the US experience high levels of both ED and MLD, [7, 8] and (acute and) chronic experiences with discrimination are consistently linked to HBP and HTN, [15] it is important for clinicians to be mindful of this SNP-discrimination relationship when working with AA patients. Furthermore, these analyses suggest that more work on SNP-discrimination interactions is required for development and implementation of clinically relevant protocols for the identification and treatment of HBP to address a major health disparity affecting AAs.
Limitations
The use of self-report perceived racism and discrimination may be a limitation; however, this is the best noninvasive gold standard measure of examining racism and discrimination. Additionally, the DISA instrument used here has been validated in other samples of AAs in the NSAL and JHS. Replication with similar epidemiological samples is required to ascertain the role of genes and psychosocial stressors in the development and expression of HBP in this understudied population. The addition of other -omic methodologies such as epigenetic [47] and whole genome sequencing [48] among under-represented minority populations may also help to elucidate a more holistic picture of this health disparity.
